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Abstract. We analyze light meson electroproduction in the intermediate energy 
range where the quark contributions are essential. Our calculations are carried 
out on the basis of the handbag approach. We study cross sections and spin 
asymmetries for various vector and pseudoscalar mesons. Our results are in good 
agrement with COMPASS and HERMES experiments. 

1 Introduction 

This report is devoted to the investigation of spin effects in hard electroproduction of vector 
and pseudoscalar mesons off unpolarized and transversally polarized protons. In the kinematic 
region of interest the leading twist amplitude factorizes [1 into hard meson electroproduction off 
partons and generalized parton distribution GPD. GPDs depend on x -the momentum fraction 
of the parton, £- skewness which is determined as a difference of the parton momenta and 
t- momentum transfer. The skewness £ is related to Bjorken- xb as £ ^ 

GPDs contain the extensive information on the hadron structure. At zero skewness and 
momentum transfer GPD become equal to the corresponding parton distribution PDF. The 
form factors of hadron can be calculated from GPDs trough the integration over x. Using Ji 
sum rules [5] the parton angular momentum can be extracted. 

Our calculations |3l4l5j are based on the approach where we modify the collinear approx- 
imation by including the quark transverse degrees of freedom and the Sudakov corrections in 
the hard subprocess amplitude. This regularizes singularities in the higher twist TT amplitude 
which is essential in the description of spin effects. Within our approach we calculate the process 
amplitudes and, subsequently, the cross sections and the spin observables in the light meson 
electroproduction. Using GPDs E we extend our analysis to a transversally polarized target. 
We calculate cross sections and the Ajjt asymmetry for various vector meson productions [6]. 
The study of pion electroproduction [7] presented here gives access to the GPD H and E. 

Our results [4151617] on meson electroproducion at moderate x are in good agreement with 
experimental data at COMPASS [TU] and HERMES QT] energy range. 



2 The handbag approach to meson Electroproduction 

Here we are interested mainly in moderate HERMES and COMPASS energies where the quark 
contributions are essential. From different meson productions we can get information about 
valence and sea quark effects. Really, the quarks contribute to meson production reactions in 
different combinations. For uncharged meson production we have standard GPDs and find 

p : cx -H u + -H d ; uo : oc -H u - -H d . (1) 
F 3 3 ' 3 3 W 
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For production of charged and strange mesons we have transition p — > n and p — > S GPDs: 

p+ : oc H u - H d - K*° : oc H d - H s . (2) 
For pseudoscalar mesons the polarized GPDs contribute to 

7T+ : oc H v - H d ; tt° : oc \h u + \h*. (3) 

The same combinations are valid for E, E contributions. Thus, we can test various GPDs in 
the mentioned reactions. 

Unfortunately, the amplitudes of meson production contain GPD in complicated integrated 
forms and direct extraction of GPDs from amplitudes is impossible. So we parameterize GPDs 
from model approach calculate process amplitudes and compare results with experiment. To 
estimate GPDs, we use the double distribution representation [T^] 

,i .1-101 

H l (x,Z,t)= dp da6(p + Za-x)fi(l3,a,t) (4) 

J-i •'-1+101 

which connects GPDs with PDFs through the double distribution function /, 

The functions hi{j3) are expressed in terms of PDFs. In ([5]) the Regge motivated ansatz is used 
to model t dependences of PDFs. We assume that the Regge trajectories are linear functions of 
t at small momentum transfer = ai(0) + a^t. The powers in ((5]) are equal to n=2 for gluon 
and sea and to n=l for valence contributions. 

To calculate GPDs, we use the CTEQ6 fits of PDFs for gluon, valence and sea quarks [T5] , 
Note that the u and d seas have very similar f3 and Q 2 dependences. This is not the case for 
the strange sea. In agrement with CTEQ6 PDFs we suppose the flavor asymmetric quark sea 
to be H^ ea = H d ea = K s H§ ea [S] with k s determined from CTEQ6. 

The hard subprocesses are analysed within the modified perturbative approach MPA |14] 
where we consider the quark transverse degrees of freedom accompanied by Sudakov suppres- 
sions. In the model, the amplitude of the meson production off the proton reads as a convolution 
of the hard partonic subprocess H and Hi 

M;, ± ^ + =Y,( Ha ) + (H a ) (H a )=J2 [ ^ W C3 2 .«.^*(^.i) (6) 

A Jxi 

where a denotes the gluon and quark contribution with the corresponding flavors 4 ; /i (/j 1 ) is 
the helicity of the photon (meson), and x is the momentum fraction of the parton with helicity 
A. 

The H a in ((6]) is expressed in terms of GPDs. For the proton helicity nonflip H a = [H a — 

il^2 E a ] which is close to H a . For the amplitude Af p /_, A1+ with proton helicity-flip in (J6j) one 

should use H a = ^f^i< / '(2m)[E a + £E a ]. 

The amplitude H a is represented as the contraction of the hard part, which is calculated 
perturbatively, and the non-perturbative meson wave function 4>y 



K«, +>M+ = fdr I ^Mr,ki) fZ Xt „,Jx,Z,T)D(T,Q,k ± ). (7i 



Here 4>v is a meson wave function, /°, is a hard subprocess amplitude and D is a denominator 
of propagators in the hard amplitude. We keep the fc^ terms in the denominators of LL and 
TT transitions and in the numerator of the TT amplitude. The hard propagators now look like 
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and a singularity at the di = point disappears in (J5J) if /c^ 7^ 0. This regularizes the higher twist 
TT amplitude which is divergent at the collinear kj_ = approximation. The hard amplitude is 
calculated using the k- dependent wave function |15] that contains the leading and higher twist 
terms describing the longitudinally and transversally polarized vector mesons, respectively [5]- 
The wave function is chosen in the Gaussian form 



V(kj_,r) oc f v ciy exp 



(9) 



Here f = 1 — r, fy is the decay coupling constant. The ay parameter determines the mean value 
of the quark transverse momentum < > in the vector meson. The ay values are different 
for longitudinal and transverse polarization of the meson [314] . 

The gluonic corrections are treated in the form of the Sudakov factors. The resummation 
and exponentiation of the Sudakov corrections can be performed in the impact parameter space. 
We use the Fourier transformation to transfer integrals from k^ to b space. 



3 Vector meson electroproduction 

In this section, we analyze vector meson electroproduction and consider the cross section and 
spin observables. In the previous section, we present the main ingredients that are needed for the 
GPD and amplitude calculation. All GPDs are modeled on the basis of the double distribution 
ansatz with using CTEQ6 parameterization of PDFs. The ay parameters in the wave function 
were determined from the best description of the cross section. Some more details together with 
other parameters of the model can be found in [31415] . 

This approach has been found to be successful in the analysis of data on p° and 4> electro- 
production. We consider the gluon, sea and quark GPD contribution to the amplitude. This 
permits us to analyze vector meson production [415] at moderate values of x (~ 0.2) typical of 
HERMES and COMPASS. It was found that the k\/Q 2 corrections © in the hard amplitude 
are extremely important at low Q 2 . They decrease the cross section by a factor of about 10 at 
Q 2 ~ 3GeV 2 . Moreover, k\ terms give a possibility to calculate within our model the higher 
twist TT amplitude which is responsible for the spin effects. The obtained results are in rea- 
sonable agreement with experiments at HERA [HE], COMPASS [TO], HERMES [TT] and E665 
[TO] energies for electroproduced p and (p mesons [415] . 

We have analyzed two different sets of the spin density matrix elements (SDME). The first 
set is sensitive to the absolute values of LL and TT transition amplitudes, the second one is 
expressed in terms of the LL and TT amplitude interference. The description of experimental 
data for the first set of SDME is quite good. For the second set of SDME that are relevant to 
the phase shift 8lt between the LL and TT amplitudes the situation is different. The HERMES 
experiment show a quite large phase difference 5lt ~ 20 — 30°; [11] : however, our model gives 
small Slt ^2 — 3° [3]. A similar phase shift 6lt ~ 20° is observed in HI experiment [17] , 
This shows that such a phase shift should appear in the gluon contribution to the LL and TT 
amplitudes and is not understood till now. 

The Q 2 dependence of the ratio / a p cross section at HERA and HERMES energies was 
investigated. At high energies, where the valence quark effects are unessential, this ratio for the 
flavor symmetric sea should be close to 2/9. The HERA data at low Q 2 shown in Fig l.a, indicate 
the strong violation of the <j^/<j p ratio from 2/9 value which was found to be caused by the 
flavor symmetry breaking between u and s seas in our model. The valence quark contribution 
to a p decreases this ratio at HERMES energies [T]. 

The model results reproduce well the energy dependence of the p and <fi production cross 
section from HERMES to HERA energies 4 . When we extended our analysis to lower energies 
W ~ 2.5GeV, we found a good description of the cross section at CLAS [T5]. This means 
that the model results for gluon and sea quark, which are essential for <fi production are fine. 
However, for p production, where the valence quarks substantially contribute, we have a different 
situation. At the HERMES energies the quark contribution has maximal value of the order of 
gluon and sea effects. At lower energies the quark contribution decreases, as well as the gluon 
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Fig. 1. (a) The ratio of longitudinal cross sections <J<f,/a p at HERA energies- full line and HERMES- 
dashed line. Data are from HI -solid, ZEUS -open squares, HERMES solid circles. (b)The longitudinal 
cross section for p production at Q 2 = 4GeV 2 . Data: HERMES, ZEUS, HI, open circle- CLAS data 
point. 



and sea one, and the cross section falls at energies W < 5GeV. This is in contradiction with 
CLAS [TH] results which show essential increase of <j p in this energy range, Fig l.b. This means 
that we have a problem only with the valence quark contribution at low JLAB energies. 




Fig. 2. (a) Predicted integrated over t cross section at HERMES W = 5GeV energies for various 
mesons. Dotted-dashed line p°; full line lu; dotted line p + and dashed line K*°. (b) The same at 
COMPASS W = lOGeV energies. 



Using the combinations of quark contribution to meson production amplitudes @ we 
can predict cross section for various meson production. Our model results for the integrated 
over t cross sections for the p°, to, p + and K*° electroproduction are shown in Fig. 2. a at the 
energy W = 5GeV and in Fig. 2.b at the energy W = lOGeV. It can be seen that the cross 
sections for the p° and u> production increase with energy at fixed Q 2 due to gluonic and sea 
contributions which grow with energy for £ — > 0. The cross section of j*p — > p + p decreases with 
energy since the dominant valence quark contributions lead to a cx T^ 4 '"™ 11 - ' -1 - 1 (a va i ~ 0.5). 
This decrease for K*° is smaller than for the p + channel due to the strange quark contribution 
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which has the same energy dependence as the gluon one. Our predictions for the cross sections 
can be used to estimate the possibility to measure asymmetries in the corresponding processes. 

The GPD E, which is responsible for proton helicity flip, is not well known as yet. We 
constructed the GPD E from double distributions and constrained it by the Pauli form factors 
of the nucleon [15] , positivity bounds and sum rules. We would like to note that the first moment 
of e is proportional to quark anomalous magnetic moment 



E a (x,0,0) = e a {x); 



(10) 



The k u and K d have different signs. Using this fact we can conclude that the GPD E u and E d 
have different signs too. From equations (1) we see that we should have essential compensation 
of E u and E d effects for p meson and enhancement of there contributions for lu production. 
The GPD H was taken from our analysis of the vector meson electroproduction cross section. 

We calculate the Ajjt asymmetry for transversally polarized protons in [BJ . The asymmetry 
is sensitive to interferences of the amplitudes determined by the E and H GPDs. 

lm<E*><H> 

A UT =OC 1 ^ TT ^ , 9 • (11) 



<H > I 2 



Our results for the sm(cf> — <fi s ) moment of the Ajjt asymmetry for the p° production [6] describe 
fine HERMES data [21]. Predictions for COMPASS on t- dependence of asymmetry at W = 
8GeV are shown in Fig. 3. a and are in good agreement with preliminary COMPASS data [2"U] . 
As a result of essential compensation of the GPD E for valence quark, the Ajjt asymmetry for 
p° is predicted to be quite small. 

Predictions for the Ajjt asymmetry at W — 5GeV and W — lOGeV were given for the 
lu, p + , K*° mesons [BJ. We show our results for lu Ajjt asymmetry at HERMES in Fig 3.b. 
Our prediction for asymmetry is negative and not small. This is caused by the fact that GPD 
E u and E d do not compensate each other in this reaction. We hope that it will be possible 
to analyze the Ajjt asymmetry for oj at HERMES and COMPASS despite the smallness of 
the cross section for this reaction, Fig. 2. Predictions for p + asymmetry is positive and rather 
large ~ 40%. But smallness of the cross section does not give a good chance to measure this 
asymmetry. 
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Fig. 3. (a) Predictions for Aut asymmetry W = 8GeV and Q 2 — 2GeV 2 . Preliminary data are from 
COMPASS, (b) Predicted Aut asymmetry for uj production at HERMES energies 



Information on the parton angular momenta can be obtained from the Ji sum rules [5] 

jq = \J xdx(H q (x, £, 0) + E q {x, e, 0)) (12) 
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In our model we found not small angular momenta for u quarks and gluons 

< J% >= 0.222, < 4 >= -0.015, < J 9 >= 0.214, (13) 
which are not far from the lattice results. 



4 Electroproduction of pions 



In this process the amplitude with longitudinally polarized photons -Mq^i 0v dominates. The 
amplitudes with transversally polarized photons are suppressed as 1/Q. These leading twist 
amplitudes within the handbag approach can be written at large Q 2 as [7J 

Mf + , 0+ cx [(ff (3) ) - 2 f m f * ], Mt. o+ oc ^ k(E^) + 2mQ 2 " 

1 — £ z t — 2m L 



t-mi 

The first terms in l|14p represent the handbag contribution defined in © with = —F^ 
that is determined by p — ¥ n transition GPD. The subprocess amplitudes are calculated within 
the modified pcrturbative approach. The second terms in (|14p are connected with the pion 
contribution, Fig. 4, which is treated with the fully experimentally measured electromagnetic 
form factor of the pion. 




Fig. 4. The pion pole and handbag contributions to tt production. 



Using (TUT) we calculate all amplitudes with exception of A^o-,++- It can be found that in 
the handbag approximation this amplitude should behave as —if at small momentum trans- 
fer. However, from the angular momentum conservation we have the rule that M^i v i t ^ v cx 

\J — ^ + ' and the amplitude A^o-,++ should be constant at small if . This problem can 
be solved if we consider a twist-3 contribution to the amplitude A^o-,++- In order to estimate 
this effect, we use a mechanism that consists of the helicity-flip GPD Ht and the twist-3 pion 
wave function. The GPD Hi is calculated using double distribution and parameterization [7] 
for transversity PDFs. 

In Fig. 5. a, we show the full cross section of tt + production at HERMES together with the 
pole contribution to da/dt and dax/dt. In Fig. 5.b, the partial cross sections of 7r + production at 
HERMES are shown. The longitudinal and full cross sections are large at small if and decrease 
rapidly with growing —if . This is caused by the large pion pole contribution to the longitudinal 
amplitude. The transverse cross section is quite large because of the twist-3 effects. The pion 
pole contribution is rather small there. 

Our results [7] on the cross section and six moments of spin asymmetries for the polarized 
target are in good agrement with HERMES [22] experimental data. We show, as an example, 
our results for the sin(</> s ) moment of the Ajjt and Ajjl asymmetry in ir + production in Fig. 
6 with and without twist-3 contribution. It can be seen that twist-3 effects are very essential in 
description of the polarized data. 
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Fig. 5. (a) The unseparated cross section of tt + production- solid line. Dashes and dot-dashed lines are 
the pion pole contribution to unseparated and transversal cross section, (b) The partial cross section 
d<jL/dt, dar/dt, daLr/dt, dorr /dt. 
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Fig. 6. (a) The siruj> a moment of Aut asymmetry at HERMES, (b) Our results for Aul asymmetry 
at HERMES. Dashed line obtained by neglecting the twist-3 contribution. 



5 Conclusion and Summary 

In this report, we have studied the light vector and pseudoscalar meson electroproduction within 
the handbag approach. The amplitude at large Q 2 factorizes into a hard subprocess and GPDs. 
The model to calculate the hard subprocess amplitude is based on MPA, where the transverse 
quark momenta and the Sudakov factors were taken into account. The transverse higher twist 
TT amplitudes with transversally polarized photons can be calculated in the model due to the 
regularization of the end-point singularities by the transverse quark momenta k^. This gives 
a possibility to study spin effects in the vector meson production in our model. We describe 
the cross section at quite low Q 2 quite well because the k\/Q 2 corrections in the propagators 
decrease the cross section by a factor of about 10 at Q 2 ~ 3GeV 2 and they become close to 
experiment. 

In the model, a good description of the cross section from HERMES to HERA energies [3] 
is observed. The gluon and sea contributions are predominated at energies W > lOGeV, while 
the valence quarks are essential at HERMES and COMPASS energies. At lower energies the 
cross section of the p and <j> production decreases because all parton distributions go to zero at 
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large x. This is in agrement with JLAB results for the <j> production but in contradiction with 
essential increase of a p for W < 5GeV. Thus, the model describes correctly the gluon and sea 
contributions up to low CLAS energies and has problems with valence quarks. 

The model provides a good description of the spin effects, including the R ratio and SDME 
for the light meson production in a wide energy range [31415) . We would like to point out that 
study of SDME gives important information on different 7 — > V transition amplitudes. Our 
model predicts quite small <5lt, which is in contradiction with the experimental results which 
show a quite large phase difference Slt ~ 20 — 30° [TT] . Further theoretical and experimental 
investigations are necessary to shed light on the problems with p cross section growing at low 
W and the phase shift between the LL and TT amplitudes. 

Using the GPD E estimation on the basis of the nucleon Pauli form factor we predict 
the cross sections and Ajjt asymmetries for the p°, ui, p + and K*° electroproduction [5]. 
These reactions give a possibility to test the H and E GPDs for valence and sea quarks. 
The experimental data which are available only for the p° production are described well. We 
predict large negative Ajjt asymmetry for lj production which most probably may be studied 
at HERMES and COMPASS. 

Our analysis on pion production [7 gives an access to H and E GPDs. The essential twist 
-3 effects in the A^o-.++ amplitude were found, which is very important in understanding the 
cross section and spin asymmetries in 7r + production. Further theoretical and experimental 
studies of these precesses are needed, especially for 7r° production which was analyzed for the 
first time in [7]. Thus, we can conclude that the gluon and various quark GPDs can be probed 
in the meson electroproduction. 

This work is supported in part by the Russian Foundation for Basic Research, Grant 09-02- 
Of 149 and by the Heisenberg-Landau program. 
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